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The slow and dense wind from a symbiotic red giant (RG) can be signicantly deflected toward the
orbital plane by the gravitational pull of the companion star. In such an environment, the ionizing radiation
from the companion creates a highly asymmetric Hii region. We present three-dimensional models of Hii
regions in symbiotic S-type systems, for which we calculate radio maps and radio spectra. We show that
the standard assumption of spherically symmetric RG wind results in wrong shapes, sizes and spectra of
ionized regions, which in turn aects the observational estimates of orbital separation and mass loss rate. A
sample of radio maps and radio spectra of our models is presented and the results are discussed in relation
to observational data. stars: winds, outflows { binaries: symbiotic { hydrodynamics
Introduction Intro Symbiotic stars are binary systems consisting of a red giant (RG) as the primary,
and a post-AGB star or MS-dwarf as the secondary. The RG primary is the source of a high density wind
accreted by the secondary. In closer binaries (a < 10 AU) the wind is signicantly deflected toward the
orbital plane by the gravitational pull of the secondary [see][ and references therein]02GMR. This process
results in an enhanced density region at the orbital plane, with a disk-like density maximum surrounding
the secondary.
Radio emission from symbiotic stars is dominated by ff radiation from the ionized gas. The ff spectrum
of an Hii region consists of three parts: optically thick at low frequencies (with spectral index   0:6),
optically thin at high frequencies (with   −0:1), and optically semi-thick at intermediate frequencies
around at a turnover frequency t, with  smoothly decreasing from its optically thick value to −0:1. 84TS
show that orbital separation a, ionizing luminosity Lph, and the ratio of mass-loss rate to wind velocity _Mv
may be derived from such observables as turnover frequency, monochromatic flux at that frequency St, and
the value of the optically thick spectral index.
However, their calculations are based on the spherical wind model originally developed by 1984STB
(hereafter STB), which, as we mentioned above, is incorrect in closer systems. Good examples of such
systems are symbiotic S-type systems, containing a normal M giant and having orbital periods of order a
few years [e.g.][ and references therein]bm00.
Recently, 01MI have obtained for the rst time the spectral energy distribution (SED) at wavelengths
between 6 cm and 0:85 mm for one of the prototypical S-type systems, CI Cyg, during quiescence. Their
data allowed to determine t, the optically thin ff emission measure, from which a lower limit to Lph and an
estimate of a were calculated within the STB framework. Unfortunately, the comparison of these estimates
with the known orbital and stellar parameters of CI Cyg poses a serious problem for the STB model. In
particular, a is overestimated by a factor of  35, whereas Lph (whose value is known from optical/UV Hi
emission lines and Heii bf+ff continuum) is underestimated by a factor of  20.
The above inconsistency strongly indicates that the STB model needs revision. The most obvious
improvements are related to the asphericity of the wind, as suggested both by numerical work [see][ and
references therein]02GMR and observations. From the observational point of view there is little doubt about
the origin of the ionized medium. The mm radio emission shows some correlation with the mid-IR flux, and
the radio luminosity increases with the K− [12] colour. This indicates that warm dust is involved in the mass
flow along with the ionized gas, and suggest that the red giant is the source of this material mio02. Such
a picture is also supported by the spectral analysis of symbiotic nebulae which showed CNO abundances
similar to those observed in normal red giants 88NSVS Optical and radio imaging of symbiotic stars reveal
aspherical nebulae, often with bipolar lobes and jet-like components 99cfsbg. It is hard to explain how such
structures might develop if the RG wind were spherical. Additional, indirect evidence for the asphericity
of the RG wind comes from emission line proles. It is based on the stationary, blueshifted H absorption
originating close to the orbital plane and indicating that the ionized region is probably bounded on all sides
by a signicant amount of dense neutral material [see the discussion in][]02GMR.
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In the present paper we account for the asphericity of the RG as resulting from the interaction with
the secondary. With the help of 3-D hydrodynamical models we demonstrate that Hii regions ionized by the
secondary in S-type systems must indeed have shapes, sizes and spectra signicantly dierent from those
obtained by STB. A representative sample of radio spectra and radio maps of our models is also generated.
In Sect. methods we discuss the numerical techniques used in this work and details of the physical setup
of our models. The models are presented in Sect. results. In Sect. discussion the results of our simulations
are compared to observed symbiotic systems and a brief summary of our work is provided.
Methods and assumptions methods The aim of the present paper is to study the properties of Hii
regions in symbiotic S-type stars. In such systems the Hii region develops in a dense RG wind whose density
distribution is modied by the gravitational pull of the secondary. As a highly aspherical distribution may
result even in cases when the wind is originally spherically symmetric, a multidimensional approach to the
problem is necessary.
We begin with 3-D hydrodynamical simulations of RG winds interacting with the companion to the
mass-losing star. The simulations are performed with the help of the Smoothed Particle Hydrodynamics
(SPH) technique. An inertial coordinate system is used, with the origin at the mass center of the binary.
Our implementation of the SPH is based on variable smoothing length with spline kernel introduced
by 85ML. The number of neighbouring particles is set to 40. For practical reasons (CPU time), the total
number of particles in the computational domain is limited to 105. Whenever this limit is exceeded, those
most distant from the system are removed from the domain. The distance beyond which removals occur
(rrem) stabilizes within several orbital periods of the binary, and an almost stationary rotating density
distribution is obtained. The validity of such an approach was demonstrated by 02GMR. With the above
limit imposed on the number of particles, rrem does not exceed 60 AU (see Table ModParam).
Within 0:1 AU from the secondary we remove all particles with velocities directed toward the secondary.
This procedure is applied to avoid prohibitively short time-steps.
There are good reasons to believe that RG winds are intrinsically aspherical [see e.g.][ and references
therein]frtyl,96DH,00RDH. The asphericity may result from internal processes taking place in the star and/or
presence of the secondary. However, since the theory is not yet advanced enough for precise quantitative
predictions, these eects are not included in our models. In particular, we assume that although the RG
rotates synchronously it does not ll its Roche lobe, so that the mass flow through the inner Lagrangian
point can be neglected. In eect, the wind is represented by a stream of particles launched at a constant rate
from points distributed randomly and uniformly on the RG surface. The initial temperature of the wind is
3000 K, and the initial velocity of wind particles is set to 1 km s−1 ( note that, as the wind propagates across
the grid its velocity increases; a measure of the terminal wind velocity is introduced and explained in the
following paragraphs). Both temperature and velocity of the wind are constant on the surface of the star.
Further, we assume that the wind is composed of dust and ideal monoatomic gas which are dynamically
coupled (i.e. they move at the same velocity). The details of wind acceleration process are not followed.
Instead, we assume that the gravity of the red giant is balanced by radiation pressure on the dust, so that
it does not appear explicitly in our equations. Thus, if the RG were single, the only force acting on the
wind would be due to gas-pressure gradients, whereas in a binary the wind is additionally subject to the
gravity of the companion. Such an approximation may seem rather crude; however 02GMR demonstrated
that it leads to terminal velocities comparable to those obtained by 00WBJHS for winds in which radiation
pressure nearly balances the gravity of the wind source.
Finally, we neglect radiation pressure from the secondary ( note that in the case of a white dwarf,for any
reasonable grain size the force due to radiation pressure on dust grains is much smaller than gravity). Self-
gravity of the wind and any explicit radiative heating or cooling are also neglected. The eects of cooling are
accounted for by a nearly isothermal equation of state employed for the wind (p = γ , with γ = 1:01). A
likely source of strong nonaxisymmetric eects is magnetic eld, as the MHD collimation may be much more
ecient than the gravitational focusing discussed here [see][ and references therein]99GLR,2000GL,2001GLF.
However, there is no information available about magnetic elds in symbiotic systems and we feel that it is
too early to incorporate them into models: the number of free parameters would simply grow too large.
Results results
All binaries considered here consist of a 1:0 M red giant and a 0:6 M white dwarf. The orbital separation
a varies between 1 and 4 AU , which is representative of S-type symbiotic systems. Following mio02 a mass
2
loss rate of _M = 10−7 M yr−1 is adopted for the RG wind, while the ionizing luminosity of the secondary
Lph varies between 4  1044 and 8  1045 phot s−1. The latter range is compatible with estimates based
on mm/submm observations 95is,01MI, but is a factor of 10 smaller than estimates based on studies of
optical/UV Hi and Heii emission lines and bf+ff continuum 01MI,mio02.
The choice of the lower estimate is dictated by the size of our hydrodynamical wind models (60100 AU
in diameter), which at Lph1046 would be practically entirely ionized. The parameters of symbiotic binary
models obtained in this work are listed in Table ModParam (vav in column 3 is a measure of the wind
velocity; see Section shapes for an explanation). The radius of the red giant is in all cases equal to 0:5 AU .
A simple method of scaling our results to combinations of _M and Lph not covered by actual calculations is
given in Section spectra.
RG wind models models For each binary in Table ModParam we integrate the equations of hydrodynam-
ics until the density distribution of the RG wind relaxes to a stationary state. Density distributions of the re-
laxed models are shown in (Fig. g:densdistr):ThegeneraleffectofthesecondaryistodeflecttheRGwindtowardtheorbitalplan
table[h] []List of models ModParam
arraylllllll
Model a [AU] vav [km s−1]rrem [AU ]Lph [phot s−1]
All models also display a three-dimensional spiral structure resulting from the shock wave excited by
the motion of the secondary across the RG wind. The spirals are a very general feature of slow winds in
binary systems, and they were also observed in simulations reported by 98MM1,99MM2 or 02GMR. As one
might expect, in closer binaries the spiral is more tightly wound than in the wider ones.
In the closest binary funnel-like density minima oriented perpendicularly to the orbit are also observed.
Two eects contribute to the formation of these funnels. First, in a close binary the wind is emitted from
a source moving with a high orbital velocity, and as such it carries appreciable angular momentum. Away
from the orbital plane the centrifugal force associated with that momentum causes the wind gas to clear
the vicinity of the polar axis. Secondly, and unlike that of the primary, the gravity of the secondary is not
balanced by radiation pressure, and the wind flowing perpendicularly to the orbit is retarded.
Below we argue that all these features (flattening, spirals and funnels) are important factors influencing
the observational properties of the Hii regions created in the RG wind by the ionizing radiation from the
secondary.
Shapes and sizes of Hii regions shapes
Once the RG wind has been relaxed, its density distribution is smoothed by averaging over several tens of
consecutive time steps. The aim of this procedure is to reduce the numerical noise resulting from the "grainy"
nature of the SPH models. The smoothed density is mapped onto a spherical grid centered on the secondary,
with grid points spaced uniformly in angular coordinates and concentrated at the secondary in the radial co-
ordinate. Then, the source of ionizing photons is turned on at the location of the secondary, and the boundary
of the Hii region is found in a local Stro¨mgren sphere approximation (i.e. Stro¨mgren radii are calculated for
all directions dened by grid points in angular coordinates). An example result of this procedure is shown in
Fig. g:hii3d:Separatetreatmentofionizationanddynamicsisjustifiedbythefactthattherecombinationtimeisoneorderofmag
2:4  1045. A region of 10 10 10 AU is shown. g:hii3d
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